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Edited by Francesc PosasAbstract We investigated the participation of HDACs in VPA
induced apoptosis in Saccharomyces cerevisiae. VPA (20 mM)
induced apoptosis in several HDAC mutants, including PRD3
and HDA1-disrupted cells and SIR2 over expressing cells, as
well as in wild-type cells but not SIR2-disrupted cells. Intracellu-
lar reactive oxygen species and neutral lipid content increased
markedly in all kinds of HDAC mutant cells tested except for
SIR2-disrupted cells. Thus, these results suggest that 20 mM
VPA induces neutral lipid accumulation and apoptosis-like fea-
tures in S. cerevisiae, and that VPA-induced apoptosis was
evaded by deletion of SIR2.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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accumulation; SIR21. Introduction
Programmed cell death or apoptosis is an active form of cell
death essential to the development and homeostasis of multi-
cellular organisms. For unicellular organisms like yeasts, a sui-
cide mechanism seems useless, since it results in the death of
the entire organism. However, the presence of cell-death
machinery in yeast has been suggested as cell death can be acti-
vated by mammalian proapoptotic molecules [1,2]. Further-
more, Madeo et al. [3] reported that the YCA1 gene product
Yca1p having structural homology to mammalian caspases
mediates oxygen stress-dependent apoptosis in yeast, suggest-
ing that Yca1p is a bona ﬁde caspase in yeast. Results reported
to date indicate that apoptosis was induced by mild treatment
of cells for imbalanced redox states like a low dose of H2O2
and depletion of reduced glutathione [4,5]. Furthermore, aged
mother cells and chronologically aged yeast died exhibiting
typical features of apoptosis, committing altruistic suicide to
provide nutrients for other cells [6,7].Abbreviations: VPA, valproic acid; HDAC, histone deacetylase; ROS,
reactive oxygen species; TAG, triacylglycerol
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doi:10.1016/j.febslet.2007.07.030In 1995, we found using yeast [8] that when temperature-sen-
sitive, cell division cycle (cdc) and secretory (sec) mutant cells
were incubated at restricted temperatures, they extensively de-
graded intracellular macromolecules in several days by activat-
ing the autophagic machinery. Furthermore, we found [9] that
a mutation in the ARL1 encoding ADP-ribosylation factor-
like protein 1, which functions in vesicular transport in both
exocytic and endocytic pathways, caused a defect in central
vacuole formation and delayed the progress of autophagic
death in cdc28 and also that Bax-induced cell death. We re-
ported recently [10] that valproic acid (VPA, 2-propylpenta-
noic acid) induced apoptosis in an YCA1-dependent manner
when the cell’s proliferative activity is mildly impaired by
low concentration of VPA, whereas they die via autophagic
death when it is impaired severely or completely. The mecha-
nism of apoptosis induced by low concentration of VPA in
yeast has not been clariﬁed so far.
VPA is a short chained fatty acid widely used in humans as
an anticonvulsant and as a mood stabilizer, has teratogenic
and anti-tumor activity [11] but its mode of action is unclear.
Recently, VPA was identiﬁed as an inhibitor of class I histone
deacetylases (HDACs) [12]. VPA and related HDAC inhibi-
tors such as trichostatin A (TSA) and butyric acid are known
to induce apoptosis in mammalian cells [13,14]. According to
these observations, it is likely that the inhibitory eﬀects of
VPA on HDAC cause the induction of apoptosis, and anti-tu-
mor and teratogenic activity.
To clarify the mechanism underlying the induction of apop-
tosis by VPA, we examined whether HDAC activities are in-
volved in the apoptosis. We show here that a low
concentration of VPA induces neutral lipids accumulation
and apoptosis-like features in Saccharomyces cerevisiae. The
deletion of SIR2, which encodes a nicotinamide adenine dinu-
cleotide (NAD)-dependent deacetylase [15], can prevent both
the accumulation of lipid and the apoptosis induced by VPA.2. Materials and methods
2.1. Yeast strains and media
Saccharomyces cerevisiae strain W303-1a (MATa ade2-1 ura3-1 his3-
11 trp1-1 leu2-3,112 can1-100) was used in all experiments. YPAD
medium consists of 1% yeast extract (Difco), 2% polypepton (WAKO
Co.,Ltd), 2% glucose and 40 lg/ml of adenine sulfate. For deletion of
YCA1, SIR2, RPD3 and HDA1, a gene disruption cassette, loxP-
kanMX-loxP, from the plasmid pUG6 was ampliﬁed by PCR usingblished by Elsevier B.V. All rights reserved.
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introduced into strain W303. Recombinants were selected on YPAD
plates containing 500 lg/ml G418. In the experiments to test the eﬀect
of VPA on the yeast, over-night pre-culture was inoculated in fresh
YPAD medium and 20 mM of VPA was added to the culture at the
early mid-log phase.
2.2. Determination of viability
Cell viability was determined by counting dead and live cells under a
microscope following staining with phloxin B [17].
2.3. Annexin V staining
To examine the exposure of phosphatidylserine on the surface of the
cell, FITC-coupled annexin V (ApoAlert Annexin V Apoptosis kit;
Clontech) was reacted with yeast spheroplasts as described previously
and the cells were viewed under a ﬂuorescence microscope [4].
2.4. Terminal deoxytransnucleotidyl transferase-mediated dUTP nick-
end-labeling (TUNEL)
For TUNEL staining, cells were prepared as described previously [4]
and labeled using an ApoAlart DNA fragmentation assay kit (Clon-
tech). Yeast cells were ﬁxed with 3.7% formaldehyde for 1 h, digested
with Zymolyase 20T (Seikagaku kogyo) and applied to poly-lysine
coated slides. The slides were treated according the directions of the
manufacturer and observed under an Olympus BX50 ﬂuorescence
microscope with a FITC-ﬁlter.
2.5. Detection of reactive oxygen species (ROS)
The intracellular ROS level was detected by staining with dihydro-
ethidium (DE) by adding it at 5 lg/ml to each culture medium. After
incubation for 10 min, cells were observed under a ﬂuorescence micro-
scope with the Rhodamine optical ﬁlter [5].
2.6. Detection of neutral lipids
For the detection of neutral lipids, cells were harvested, washed two
times with PBS, and suspended in PBS, and 1 lg/ml Nile Red was
added to the cell suspension. After incubation for 10 min, cells were
observed under a ﬂuorescence microscope using a FITC ﬁlter [18].
2.7. Flow cytometry for quantitative analysis of lipids
A FACSCalibur ﬂow cytometer (Becton-Dickinson Immunocytom-
etry System, San Jose, CA) with a 15-mWAr laser and a wavelength of
488 nm was utilized to measure the single cell ﬂuorescence intensity
after Nile Red staining. The amount of ﬂuorescence emitted was mea-
sured using a 585 ± 21 nm (FL-2) band pass ﬁlter. Data were collected
using logarithmic ampliﬁcation. Forward Scatter characteristics were
collected for the measurements. Data were analyzed using Cell Quest
software (BDIS, San Jose, CA). In a typical experiment 20000 events
per sample were required. Nile Red ﬂuorescence was analyzed by com-0
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Fig. 1. Eﬀect of VPA on the growth (a) and cell viability (b) of HDAC mutan
W303/hda1 (r). Cells were cultured with (d, n, ·, r, m) or without (s) 20paring ±VPA, and the SIR2 gene copy number. The diﬀerences be-
tween mutants were evaluated based on the mean ﬂuorescence
intensity of Nile Red.3. Results
3.1. SIR2 mutation prevents cell death caused by valproic acid
We investigated whether HDACs are involved in the induc-
tion of apoptosis by low concentration of VPA. We con-
structed RPD3, HDA1, and SIR2 disrupted mutant, Drpd3,
Dhda1 and Dsir2, respectively, for class I, class II, and class
III HDAC. We tested the eﬀects of 20 mM VPA on the growth
of these mutants (Fig. 1a). The growth of Drpd3 and Dhda1
were inhibited by 20 mM VPA similar to the wild-type strain.
However, Dsir2, whose growth was disturbed slightly, evaded
the inhibitory eﬀect of 20 mM VPA. In accordance with this
eﬀect on growth, the viability of Dsir2 mutant, which dropped
transiently, did not decrease on treatment with 20 mM VPA.
On the other hand, Drpd3 and Dhda1 had no eﬀect on the via-
bility of the mutants compared to wild-type cells (Fig. 1b). The
intracellular ROS level of Dsir2 was clearly lower than that of
Drpd3, Dhda1, wild-type, or SIR2 over-expressing strain (SOE)
when the cells were cultured with 20 mM VPA (Fig. 2). It has
been showed that increase of intracellular ROS is a cause of
induction of apoptosis in yeast [5]. Thus, only Dsir2 evade
the cell death induced by 20 mM VPA.
3.2. SIR2 is involved in the mechanism of VPA-induced
apoptosis
Fig. 3 shows that the TUNEL staining was negative in Dsir2
and positive in the wild-type and SOE at 24 h of incubation
with 20 mM VPA. The externalization of phosphatidylserine,
which is an early morphological marker of apoptosis, was ob-
served in the wild-type and SOE cells by staining with annexin
V together with propidium iodide (PI) to check for nonspeciﬁc
damage to the cells during the operation, indicating the expo-
sure of phosphatidylserine. However, none of Dsir2 cells
showed a ring-shaped staining pattern (Fig. 4). These results
indicated that wild-type and SOE cells were induced apoptosis
by 20 mM VPA, whereas Dsir2 cells were not, namely the Dsir2
mutation prevented the apoptosis induced by 20 mM VPA. Be-0
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Fig. 2. Detection of ROS in HDAC mutants. Cells were cultured with
or without 20 mM VPA for 24 h. Cells were stained with dihydroethi-
dium and viewed under a light microscope using Nomarski (upper)
and ﬂuorescence detection systems.
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Fig. 4. Annexin V staining for SIR2 mutants. Cells were cultured with
or without 20 mM VPA for 42 h. Cells were stained with annexin V for
detection of exposed phosphatidylserine and propidium iodide (PI) for
detection of damaged cells.
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Fig. 3. Eﬀect of VPA on DNA fragmentation of SIR2 mutants. Cells
were cultured with or without 20 mM VPA for 42 h. Cells were stained
with TUNEL for detection of DNA fragmentation and viewed under a
ﬂuorescence microscope.
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mutants were not aﬀected by well known class I HDAC inhib-
itors such as 10–50 lM of Trichostatin A and 10–50 mM of so-
dium butyrate (data not shown), the induction of apoptosis by
VPA is not caused by common functions HDAC inhibitors in
S. cerevisiae. Thus, the evasion of apoptosis in Dsir2 cells
shows that SIR2 is involved in the mechanism of VPA-induced
apoptosis.
3.3. VPA stimulates the accumulation of neutral lipids in wild-
type cells, but not in the SIR2 deletion mutant
Sir2p is a NAD-dependent HDAC and its enzymatic activity
depends on the energy state, the ratio of NAD/NADH, in the
cell. We tested the possibility that the metabolism of glucose in
the cell was concerned with the induction of apoptosis by
VPA. When we added 2% ethanol or lower concentration of
glucose to the culture medium in place of 2% glucose, the via-
bility of the cells was not changed with usual culture. These re-
sults suggest that the metabolism of glucose may not be
involved in the mechanism of VPA-induced apoptosis.
Since VPA is a kind of short branched-chain fatty acid, we
assumed that VPA disturbs lipid metabolism in the cell. To test
the possibility, we used Nile Red for staining the neutral lipids
in the HDAC mutant cells cultured with or without 20 mM
VPA. A marked accumulation of cytoplasmic neutral lipids
was observed in all HDAC mutant cells except Dsir2 mutant
cells in which the intensity of ﬂuorescence was clearly lower
than that of other HDAC mutants treated with 20 mM VPA
and almost the same as that in the cells cultured without
VPA (Fig. 5). We also analyzed the neutral lipid level in each
mutant by FACS Calibur (Fig. 6). Whereas the cellular neutral
lipid level was almost same in each mutant when cells were cul-
tured without VPA (Fig. 6a), clearly less neutral lipid was
accumulated in Dsir2 than in the wild-type, SOE, and other
HDAC mutant cells cultured with 20 mM VPA for 42 h
(Fig. 6b). The mean value of intensity also indicated that the
lipid level of the Dsir2 mutant was obviously lower than that
of other strains. These ﬁndings were well consistent with the
results obtained under the microscope (Fig. 5). These results
suggest that among the HDAC genes only Dsir2 inhibits the
accumulation of neutral lipids in yeast cultured with 20 mM
VPA.4. Discussion
In this communication, we showed that a low concentration
of VPA induces neutral lipids accumulation and apoptosis like
features in S. cerevisiae. We investigated the reason for lipid
accumulation and the function of SIR2, NAD-dependent
HDAC, on it.
In yeast, the SIR2 gene is involved in regulation of transcrip-
tional silencing, DNA damage responses, and lifespan exten-
sion mediated by calorie restriction [19,20]. SIRT1, the most
extensively studied human homolog of SIR2, has been shown
to deacetylate a wide range of nonhistone substrates including
tumor suppressor p53, forkhead transcription factors, suggest-
ing that SIRT1 is involved in regulation cell survival and stress
responses [21–24]. HDACs are grouped into three classes on
the basis of their homology to yeast HDACs [25]. Class I
and class II HDAC, which share signiﬁcant similarity to each
other, are homologs of yeast deacetylases RPD3 and HDA1,
W303 Δsir2 SOE Δrpd3 Δhda1
-VPA
20mM VPA
Fig. 5. Detection of neutral lipids in HDAC mutants. Cells were cultured with or without 20 mM VPA for 42 h. Cells were stained with Nile Red for
detection of neutral lipids and viewed under a ﬂuorescence microscope.
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Fig. 6. Quantitative analysis of neutral lipids in HDAC mutants using
ﬂow cytometry. Cells were cultured without (a) or with (b) 20 mM
VPA for 42 h. Cells were stained with Nile Red. The ﬂuorescence
emission was measured using a 585 ± 21 nm (FL-2) band pass ﬁlter.
Data were analyzed using Cell Quest software. Red shows W303.
Green shows Dsir2. Pink shows SOE. Blue shows Drpd3. Orange shows
Dhda1. Tables under the graph show mean values of FL-2 intensity in
each mutant with/without VPA.
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homologous to SIR2, and have no similarity to class I and
class II HDACs. Unlike the class I and class II HDACs, sirtu-
ins require NAD as a cofactor. VPA can inhibit both class I
and class II HDACs, preferentially the former [12]. In contrast
to the activity of class I and class II HDACs, SIR2 and sirtuins
cannot be inhibited by known HDAC inhibitors such as TSA
and butyric acid [15]. We expected that VPA aﬀects the tran-
scription of special genes or conformation of chromatin, and
a RPD3 (class I HDAC in yeast)-deleted or HDA1 (class II
HDAC in yeast)-deleted mutant will able to avoid the eﬀectof VPA. However, only the SIR2-deleted mutant evaded the
apoptosis induced by VPA. Moreover, TSA and butyric acid
did not induce apoptosis in yeast cells. These results suggest
that VPA needs Sir2p to induce apoptosis in Saccharomyces
cerevisiae.
The most accumulated neutral lipid in yeast was triacylglyc-
erol (TAG) when the extracted lipids were analyzed by thin
layer chromatography (data not shown). The mRNA levels
of the major enzymes for TAG synthesis, DGA1and LRO1,
were not changed by the presence of 20 mM VPA or the copy
number of the SIR2 gene analyzed with real-time PCR (data
not shown). It seems likely that neutral lipid synthesis with
VPA is not regulated in transcriptional level. When the yeast
cells were cultured without VPA, the intracellular neutral lipid
level was almost the same in each HDAC mutants and wild-
type. Therefore, HDACs themselves are not involved in neu-
tral lipid metabolism directly and SIR2 stimulates the accumu-
lation of neutral lipids when cells were cultured with VPA.
Recently, Zhang et al. [26] reported that cells defective in
TAG synthesis undergo apoptosis upon entry into the station-
ary phase and diacylglycerol (DAG) mediates fatty acid-in-
duced lipoapoptosis in Schizosaccharomyces pombe. In our
experiment, however, DAG and monoacylglycerol (MAG) lev-
els of the cells cultured with or without VPA were quite low
compared to TAG level analyzed by the TLC method. Thus,
it seems unlikely that the accumulation of DAG causes the cell
death by VPA. Recently, Starai et al. [27] showed that the
growth of a quintuple class III HDAC (SIR2, HTS1 4) mu-
tant strain of S. cerevisiae on acetate or propionate was se-
verely impaired. This means that SIR2 is required for
activity of the acetyl-CoA synthetase enzyme. It would be
interesting to examine whether lipids accumulate or not in that
strain.
The cytoplasmic TAG mainly exists as lipid particles with
enzymes for TAG mobilization in S. cerevisiae. We analyzed
the expression level of major lipid mobilization enzymes
TGL3 (triacylglycerol lipase), FAA1 (long-chain fatty acyl-
CoA synthetase) and CAT2 (carnitine acetyltransferase) by
quantitative real-time PCR. The expression level of these genes
was not changed by 20 mM VPA or the copy number of the
SIR2 gene (data not shown).
Degradation of fatty acid in yeast take place exclusively in
peroxisomes [28] and the acetyl-CoA produced has to be trans-
ported from peroxisomes to the mitochondria in carnitine
dependent manner [29]. The TAG level of all mutant cells
has decreased slightly by the addition of 100 mM carnitine
to the medium containing 20 mM VPA and neither the growth
nor the viability of all mutants was aﬀected (data not shown).
The level of intracellular free fatty acids increased same level in
Q. Sun et al. / FEBS Letters 581 (2007) 3991–3995 3995all mutants tested when cells were cultured with 20 mM VPA
(data not shown). According to these results, it seems likely
that the function of VPA on the transport of the free fatty
acids into peroxisomes and follow to mitochondria is almost
same among mutants, and the carnitine deﬁciency triggered
by the addition of VPA may not the cause of the accumulation
of neutral lipids.
We found that accumulation of lipid led to apoptosis in
yeast although the details remain to be elucidated. DNA dam-
age and other stimuli such as hydrogen peroxide (H2O2) also
can induce budding yeast to undergo cell death resembling
apoptosis in vertebrates [5]. We did not test it yet in this report,
but it is interesting to examine whether the Sir2p mediates the
apoptosis like cell death in DNA damage and oxidative stress,
or to know these phenomena are speciﬁc for VPA induced cell
death.
Our ﬁndings will helps to clarify the roles of SIR2 in lipid
metabolism which read to the function of SIR2 for longevity
in response to calorie restriction and important roles of VPA
for the cancer therapy.
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